The human subventricular zone (SVZ) has a defined cytological and neurochemical architecture, with four constituent laminae that act in concert to support its neurogenic activity. Lipidomic specialisation has previously been demonstrated in the neurologically normal human SVZ, with enrichment of functionally important lipid classes in each lamina. The SVZ is also responsive to neurodegenerative disorders, where thickening of the niche and enhanced proliferation of resident cells were observed in Huntington's disease (HD) brains. In this study, we hypothesised lipidomic changes in the HD SVZ. Using matrix-assisted laser desorption/ionisation (MALDI) imaging mass spectrometry, this analysis shows differences in the lipidomic architecture in the post-mortem Vonsattel grade III cases. Relative to matched, neurologically normal specimens (N = 4), the lipidomic signature of the HD SVZ (N = 4) was characterized by loss of sulfatides and triglycerides in the myelin layer, with an ectopic and focal accumulation of sphingomyelins and ceramide-1-phosphate observed in this lamina. A striking loss of lipidomic patterning was also observed in the ependymal layer, where the local abundance of phosphatidylinositols was significantly reduced in HD. This comprehensive spatially resolved lipidomic analysis of the human HD SVZ identifies alterations in lipid architecture that may shed light on the mechanisms of SVZ responses to neurodegeneration in HD.
The adult brain harbours sites for endogenous repair as it maintains two reservoirs of neural stem cells (NSCs): the subventricular zone (SVZ) of the lateral ventricles and the hippocampal dentate gyrus (Eriksson et al. 1998; Kukekov et al. 1999) . Through the process of adult neurogenesis, the NSCs of these niches contribute to plasticity throughout life. This process includes the proliferation of NSCs, lineage commitment of progenitors, migration and differentiation into functional neurons or other brain cells and their survival and integration into existing brain circuits (Alvarez-Buylla and Garc ıa-Verdugo 2002).
The SVZ has a unique cytoarchitecture in humans (Fig. 1a) . It is comprised of four anatomically distinct layers -a superficial ependymal layer (lamina I) that interfaces with the ventricular cavity, a hypocellular layer (lamina II) that contains few cell bodies but houses a dense network of glial fibrillary acid protein-positive astrocytic processes, an astrocytic ribbon with resident NSCs (lamina III) and a heavily myelinated zone (lamina IV) that transitions to the parenchyma of the caudate nucleus (CN) (Quiñones-Hinojosa et al. 2006 . The specialised microenvironment of the SVZ regulates NSC activity via the combinatorial action of autocrine and paracrine signals from resident cells, soluble factors in cerebrospinal fluid (CSF) and systemic molecules delivered via the SVZ vasculature (Lim and Alvarez-Buylla 2014) .
The neurogenic activity of the SVZ shows varied responses to neuronal degeneration. In Alzheimer's and Parkinson's diseases, neurogenesis in the SVZ appears to be suppressed ). In contrast, Huntington's disease (HD), a fatal neurodegenerative disorder that is characterised by a progressive loss of medium spiny neurons in the CN and putamen (collectively the striatum), provokes increased NSC activity in the SVZ (Curtis et al. 2003) . The aetiology of HD is a cytosine-adenine-guanine (CAG) repeat expansion in a gene that codes for a ubiquitous protein known as Huntingtin (HTT), resulting in an expanded Nterminal polyglutamine tract, which consequently leads to transcriptional dysregulation, mitochondrial dysfunction, excitotoxicity, inflammation and cell death (The Huntington's Disease Collaborative Research Group 1993). We previously reported that the SVZ in HD post-mortem brains, which is adjacent to the site of neurodegeneration, becomes significantly thicker (2.8-fold), with a concomitant 2.6-fold increase in the number of proliferating cells, the majority of which are found in layer III. This increase was positively correlated with neuropathological grade (Curtis et al. 2003 (Curtis et al. , 2005 . The disparity in responses of the SVZ to neurodegenerative disorders is poorly understood since little is known about the molecular and cellular processes that regulate this neurogenesis under pathological conditions.
One of the key classes of biomolecules gaining increasing prominence in NSC biology is lipids. Although these molecules are structurally and biochemically diverse, their roles in cell function were thought to be predominantly as membrane structural components and energy repositories. Yet, over recent years, studies of brain lipids have unequivocally identified that these molecules have critical functions in mediating signalling, inflammation, cell growth and polarity, and cell fate determination (Shimizu 2009 ). While the role of lipids in brain development is well established, more recent studies have also indicated that they are pivotal in the regulation of adult stem cells (Knobloch et al. 2012; Codega et al. 2014; Shin et al. 2015; Knobloch 2017) . Aberrant fatty acid homoeostasis in the SVZ of Alzheimer's disease brains has been observed, where early oleic acid-enriched triglyceride accumulation impairs neural progenitor activity (Hamilton et al. 2015) . The niche-derived fatty acid metabolism defect inhibited NSC proliferation, a phenotype that was rescued by inhibiting the rate-limiting oleic acid synthesis enzyme stearoyl-CoA desaturase.
We previously investigated the lipidome of the SVZ in the adult human brain by utilising matrix-assisted laser desorption/ionisation (MALDI) imaging mass spectrometry (IMS) (Hunter et al. 2018) . MALDIÀIMS provides an ideal approach for the high-throughput analysis of lipid composition by simultaneously interrogating the relative abundance and spatial distribution of many ionised species within their native environment. Indeed, IMS has shown great utility for investigating the involvement of lipids in neurodegenerative diseases. For example, studies have leveraged this technique to describe lipidomic aberrations in Alzheimer's disease (Carlred et al. 2014 (Carlred et al. , 2016 Caughlin et al. 2015 Caughlin et al. , 2018 Hamilton et al. 2015; Hong et al. 2016; Kaya et al. 2017; de San G onzalez Rom an et al. 2017; Tong et al. 2017) , multiple sclerosis (Bergholt et al. 2018) , schizophrenia (Matsumoto et al. 2011) , Tay-Sachs disease (Chen et al. 2008) , Gaucher disease (Jones et al. 2017 ), Hunter's disease (Dufresne et al. 2017) , autosomal dominant leukodystrophy (Rolyan et al. 2015) , primary brain tumours (Eberlin et al. 2011; Dilillo et al. 2017; Ermini et al. 2017) and pathologies induced by neurotoxins (Hanrieder et al. 2014a,b; Karlsson et al. 2016) , ischaemia (Hankin et al. 2011; Whitehead et al. 2011; Shanta et al. 2012; Wang et al. 2012; Guan et al. 2018) , traumatic injury (Hankin et al. 2011; Roux et al. 2016) , cigarette smoke (Nunez et al. 2016 ) and alcohol (de la Monte et al. 2018; Yalcin et al. 2015 Yalcin et al. , 2017 . Moreover, the small raster widths achieved by the modern commercial MALDIÀIMS instruments provide high spatial resolution and thus unique opportunities to investigate the macromolecular composition of the SVZ. We demonstrated that the SVZ and its constituent layers exhibit a lipid signature that closely aligns with the specific function of each layer. Given that HD provokes an up-regulation in SVZ NSC proliferation and differentiation, we sought to take a 'discovery-based' and non-a priori approach to investigate the SVZ lipid profile of four grade III HD patients in comparison to age-, sex-and post-mortem delay-matched neurologically normal subjects.
Materials and methods

Tissue collection
Fresh frozen, post-mortem human brain tissue from CN blocks of neurologically normal and HD grade III donors was obtained from the Neurological Foundation Douglas Human Brain Bank (Centre for Brain Research, University of Auckland, New Zealand). The tissue used in this study was processed according to our published protocol (Waldvogel et al. 2007) . In brief, the brain was dissected into blocks, snap-frozen on dry ice and stored at À80°C. Table 1 . This study was not pre-registered. As the cases used were matched for age, sex and post-mortem delay, no randomisation methods were employed in this study. Tissue preparation The tissue blocks were warmed to À20°C, mounted onto a chuck using Optimal Cutting Temperature (Sakura Finetek #25608-930, Torrance, CA, USA), sectioned at 12 lm thickness on a Bright OTF-5000 Cryostat (A-M Systems, USA) at À20°C and thawmounted onto pre-cooled indium tin oxide-coated MALDI glass slides (Hudson Surface Technology # PSI1111000, USA). All sections were obtained from the central region of the rostral-caudal axis of the SVZ. The sections were dehydrated in a vacuum desiccator (Jencons # D11890-03, USA) for 1 h and then rinsed with ammonium formate (50 mM) as described (Angel et al. 2012) to reduce sodium-and potassium-adducted ions and to increase signal intensity and the signal-to-noise ratio. For MALDÀIMS in positive ion mode, 2,5-dihydroxybenzoic acid (SigmaÀAldrich #39319-10X10MG-F, St Louis, MO, USA) was deposited onto the samples using an in-house vacuum sublimation apparatus for 10 min at approximately 50 mTorr and 110°C. For MALDÀIMS in negative ion mode, 1,5-diaminonaphthalene (SigmaÀAldrich #56451-250MG) was similarly deposited for 5 min at approximately 50 mTorr and 140°C.
MALDIÀTOF imaging
MALDÀIMS experiments were performed using a Bruker ultrafleXtreme (Bruker Daltonics, Bremen, Germany) equipped with a 355 nm Smartbeam II laser operated at 2 kHz, in reflector mode, at an accelerating voltage of +20 kV or À20 kV. External calibration was performed with a series of red phosphorus clusters (1 mg.mL
À1
in 50% acetonitrile) prior to image acquisition. The laser was set to the minimum beam size. Images were acquired with 150 laser shots/ spectrum for negative ion mode and 200 shots/spectrum for positive ion mode, with a raster step size of 10 lm, resulting in images consisting of between 6988 and 12 418 spectra. Data were collected in the range of m/z 320-2000. Each HD-normal case pair was imaged together in a single acquisition, alternating the order of tissue section analysis for subsequent pairs. After MALDIÀIMS analysis, the tissue sections were washed with 70% ethanol to remove matrix and then hydrated through graded ethanol to distilled, deionised H 2 O before being stained with HEÀLFB using standard protocols. Tissue ablation by the laser is evident at sampling points in some HEÀLFB images.
Alignment and analysis of TOF data MALDIÀTOF spectra were realigned using the Batch Processing macro of flexAnalysis v3.3 (the macro is inherent in the flexAnalysis software and supplied with the hardware; Bruker Daltonics, Bremen, Germany) with a custom algorithm. Briefly, peak picking was performed on unaligned spectra and a matrix of the detected m/z values, censored to an accuracy of 0.1 unit, was read into the R statistical environment, where the table function was used to identify the most frequently occurring values. The latter was used to define a mass control list spanning the full m/z range. Deviations from control masses in actual m/z values for all spectra were measured and assignment tolerances in flexAnalysis set accordingly. Alignment then proceeded using the 'internal calibration' routine within flexAnalysis. Aligned spectra were read into SCiLS Lab 2016b (Bruker Daltonics, Bremen, Germany; RRID:SCR_014426), where baseline subtraction was achieved using the convolution algorithm and data were normalised using the total ion count. Peak finding was performed for each 9th spectrum (to manage processing times) with interval widths of AE 0.12 Da (positive mode) or AE 0.15 Da (negative mode) and a maximum of 300 signals per spectrum. Post-MALDI HEÀLFB images were co-registered with the IMS images and used to define the SVZ and its constituent laminae as analysis regions.
Statistical analyses
The abundances of lipid ions within SVZ of HD and normal sections were normalised using the total ion count and compared using spatial co-localisation (Pearson correlation), areas under receiver operating characteristic (ROC) curves and one-sample t-tests. ROC curves were generated for each HD-normal matched case pair using laser sampling points within each as the individual observations, thereby exploring the discriminative power of m/z signals across the full range of analyte intensities within analysis regions. For each m/z signal, the mean and standard error of the mean of the area under the ROC curve for four HD-normal case pairs is reported. For t-tests, the signal-wise HD-normal ratio of mean ion intensities from the summary spectra for each region was computed. The resulting quotients were log 2 transformed and t-tests with BenjaminiÀHochberg correction for multiple hypotheses were performed to assess deviation of the statistic from 0. For each analytical approach, HD-normal comparisons were made for each matched case pair and the inter-pair mean AE standard error of the mean of each statistical metric is reported. Statistical analyses were unblinded and were performed in R v3.4.4, SCiLS Lab v2016b, and Prism (v7; GraphPad, La Jolla, CA, USA; RRID:SCR_002798).
Fourier transform ion cyclotron resonance (FTÀICR) imaging mass spectrometry Sections from one case were prepared and 2,5-dihydroxybenzoic acid or 1,5-diaminonaphthalene matrices applied as described above. MALDI FTÀICRÀIMS of the SVZ was performed using a Bruker 7T solarix-XR mass spectrometer (Bruker Daltonics, Bremen, Germany) at 20 lm spatial resolution. Spectra were collected in the range of m/z 320-2000. FTÀICR data were read into flexImaging v4.1 (Bruker Daltonics, Bremen, Germany) and normalised using the root mean square method. Peak centroids were taken as accurate masses to facilitate the assignment of lipid identities by database searching. For select analytes, tandem spectra were generated by on-tissue MS/MS with the FT instrument using fragmentation in the ion trap via collision-induced dissociation.
Liquid chromatographyÀtandem mass spectrometry (LCÀMS/MS)
For analysis of lipid content by LCÀMS/MS, tissue was sectioned from four CN blocks, transferred cold into sterile glass vials, weighed and flash frozen in liquid nitrogen. Lipid extraction was performed according to a modified method of Bligh and Dyer (Bligh and Dyer 1959) with the use of dichloromethane (SigmaÀAldrich, St Louis, MO, USA). Extraction of lipids was effected by vortexing for 20 s in 190 lL methanol, after which 320 lL dichloromethane was added and samples vortexed again for 20 s prior to the addition of 120 lL water. The samples were vortexed again for 10 s then allowed to equilibrate for 10 min at 20°C before centrifugation at 8000 g for 10 min at 10°C. The lipid-rich dichloromethane fraction was then isolated, and the solvent evaporated to dryness under vacuum. Samples were reconstituted in 300 lL acetonitrile/2- was applied with a gradient elution of 32-97% solvent D over 21 min. Centroid MS scans were acquired in the range of m/z 133.4-2000 using the Orbitrap mass analyser with mass resolution DM of 70 000 (full width at half maximum, as defined at m/z 200), automatic gain control of 3e6, injection time of 100 ms, sheath gas flow rate of 25 units, auxiliary gas flow rate of 15 units, sweep gas flow rate of 0 units, capillary temperature of 250°C, S-lens radiofrequency 50% and heater temperature 350°C. Spray voltage was 3.5 kV for negative ions and 3.1 kV for positive ions. Parallel reaction monitoring acquisition was performed with a mass resolution of 17.5, automatic gain control of 2e4, injection time of 100 ms, isolation window of 2.0 m/z and normalised collision energy of 30, 60 and 90% with combined MS/MS spectra resulting. Parent ion assignments were made using LipidSearch software (Thermo Fisher Scientific).
Lipid assignments
Lipid assignments were made by integrated assessment of accurate masses obtained by MALDI FTÀICR and fragment ion spectra from LCÀMS/MS. FTÀICR peaks corresponding to TOF m/z signals from SCiLS Lab were identified by comparing both m/z values and spatial distributions. Where FTÀICR peaks corresponded to LCÀMS/MS analytes within an error limit of 10 ppm, the assignment made based on LCÀMS/MS spectra was accepted. In the absence of an LCÀMS/MS signal, assignments were made by database searching of accurate masses using LIPID MAPS (Fahy et al. 2007 ) (RRID:SCR_003817). The closest assignment within an error limit of 10 ppm was accepted, with manual exclusion of species of plant, fungal or prokaryotic origin. Given the known risk of misidentifying phosphatidylcholine dimers as cardiolipins (Eibisch et al. 2011 ), on-tissue MS/MS was performed using the FTÀICR system to confirm the identity of cardiolipins that were not detected by LCÀMS/MS. Where ≥ 2 assignments could not be discriminated, all possibilities are reported. The data were deisotoped by comparing spatial distributions and relative signal intensities. Mass signals that were outliers or showed statistically significant differences in intensity between the HD and normal SVZ but could not be robustly assigned were plotted in figures but not considered further.
Results
Lipidomic differences in the HD SVZ To investigate the lipidomic signature of the SVZ in human HD subjects, we performed high-resolution MALDIÀIMS of the central region of the rostral-caudal aspect of the SVZ in the post-mortem brain of four Vonsattel grade III cases. The cases were matched, pairwise, for age, sex and postmortem delay to a cohort of neurologically normal subjects that have been reported (Hunter et al. 2018) and that were imaged concurrently (Table 1) . To empirically compare the lipidomic spectra of the SVZ in HD and normal sections, we first performed principal component analysis (PCA) to reduce the dimensionality of the dataset. PCA was performed using the normalised ion intensities of all mass signals (649 in positive mode, 378 in negative mode) in summary spectra for analysis regions corresponding to the entire SVZ in each section. In this manner, eight principal components were identified that explained the entirety of variance in the spectral data ( Fig. 1b and c) . Comparison of principal component intensities in the SVZ of HD and normal cases identified the third principal component (PC3), which explained 13 and 15% of spectral variance in positive and negative modes, respectively, to show approximately twofold lower intensity in the HD SVZ ( Fig. 1a and b) , with statistical significance in negative mode (paired, twotailed t-test; Fig. 1b ). The latter observation was investigated further by performing PCA on normalised ion intensities in negative mode spectra for individual sampling positions within the SVZ, thus generating a spatially resolved PC3 heatmap (Fig. 1d) . Comparison of the spatial distribution of PC3 intensity revealed this component to show maximal intensity in the deep, myelin-rich aspect of the normal SVZ (H245, Fig. 1c) , with reduced intensity and loss of spatial patterning in the HD SVZ (HC60, Fig. 1c ). These data empirically identified lipidomic aberrations in the HD SVZ, especially for lipids detected in negative ion mode, with potential disruption of lipid compartmentalisation within the myelin layer.
The HD myelin layer is depleted of sulfatides and triglycerides To interrogate differences in the intensity and spatial distribution of individual lipids in the HD SVZ, we utilised an integrated statistical pipeline that considered (i) the ability of m/z signals to discriminate between HD and normal SVZ using receiver operating characteristics, (ii) spatial co-localisation of m/z signals with either the HD or normal SVZ and (iii) significant differences in the mean intensity of m/z signals (i.e. within summary spectra) in matched HD-normal case pairs. We identified 18 lipids to show reproducibly lower abundance and 14 that were reproducibly higher in abundance in the HD SVZ (Tables S1 and S2). As described previously (Hunter et al. 2018) , we utilised co-registered histological images to define analysis regions corresponding to the ependymal, hypocellular and myelin layers of the SVZ (the astrocytic ribbon could not be robustly demarcated). The statistical pipeline was then iterated for each layer to identify lipids that were altered in the constituent laminae of the HD SVZ relative to the corresponding laminae in normal brains (Tables S3-S8) . We previously reported enrichment of several lipid classes -notably including sulfatides (STs) and triglycerides (TGs) -in the myelin layer of the SVZ of neurologically normal human brains (Hunter et al. 2018) . When examining the lipidomic signature of the HD myelin layer, we observed 40-60% lower abundance of six STs within this lamina (Fig. 2a) . STs were clustered among the most significantly lower signals in HD myelin layer per volcano analysis (Fig. 2b) . Several of the lower STs were among the most abundant lipids in the neurologically normal lamina IV (Fig. 2c) . The lower intensity of these species in HD was associated with a marked loss of myelin-specific compartmentalisation evident in MALDI images (Fig. 2d) . Three TGs that co-localised with the myelin layer in the normal SVZ were similarly reduced by approximately 40% in HD (Fig. 3a) , could discriminate between HD and normal cases (Fig. 3b) and were co-localised with normal relative to HD myelin layers (Fig. 3c) . While enrichment of TGs in the myelin layer was clear in neurologically normal SVZ, this patterning was absent in HD cases (Fig. 3d) .
The HD myelin layer is enriched in sphingomyelins While the intensity of STs and TGs was decreased in the myelin layer in HD, resulting in a loss of spatial patterning, we observed an ectopic concentration of sphingomyelins (SMs) in lamina IV of HD brains (Fig. 4) . Six examples of this sphingolipid class were enriched by 1.5-2.5-fold relative to normal specimens (Fig. 4a) , provided highly robust discriminative statistics, with areas under the ROC curves < 0.25 (Fig. 4b) and were correspondingly colocalised with the HD relative to the normal myelin layer (Fig. 4c) . MALDI images revealed focal concentrations of SMs in the HD lamina IV, while this was not seen in normal brains (Fig. 4d) , consistent with our prior observation that SMs are present within the SVZ but not exclusively localised to the myelin layer (Hunter et al. 2018) .
The HD ependymal layer phosphatidylinositols are reduced Our prior study of lipidomic signatures in the neurologically normal human SVZ identified compartmentalisation of phosphatidylinositols (PIs) in the ependymal layer, which we reasoned to reflect a role in ciliogenesis and ependymal polarisation (Hunter et al. 2018 ). The present analysis revealed a striking loss of PIs in the HD ependyma, with 10 such phospholipids consistently showing a 30-50% reduction in intensity (Fig. 5a-c ). An abrogation of ependymal localisation was evident in MALDI images (Fig. 5d) , where (although not directly studied), loss of intensity in the underlying parenchyma of the caudate nucleus could also be seen.
Discussion
This study reports lipid differences in the SVZ laminae in human HD subjects, with wide disruption observed in SVZ lipidomic architecture. The greatest differences were seen in the myelin layer, an unsurprising finding given the lipid-rich composition of myelin. Notably, impairment in white matter precedes the onset of clinical symptoms of striatal atrophy in HD (Rosas et al. 2006; Novak et al. 2014; Gregory et al. 2015; Matsui et al. 2015) . The other most affected lamina was the ependymal layer, where residing ependymal cells are considered as key regulators of SVZ NSCs.
The principal finding in the myelin layer was a lower abundance of several ST species. STs are synthesised via sulphonation of galactocerebroside and hydrolysed by sulphatase and galactosylceramidase to produce ceramides (Vos et al. 1994) . Together, ST and galactocerebroside comprise approximately 30% of myelin lipids. They are almost exclusively synthesised by oligodendrocytes and are localised on the extracellular leaflet of myelin plasma membranes in the CNS (Vos et al. 1994) . STs are crucial in the processes of myelination, signal transduction, cell adhesion, neuronal plasticity and cell morphogenesis (Vos et al. 1994; Merrill et al. 1997) . Reduced levels of ST result in demyelination and axonal dysfunction in mice. Mice lacking cerebroside sulfotransferase, which catalyses the final step in ST biosynthesis, develop ataxia, paralysis and premature death (Honke et al. 2002) . Our observation of reduced myelin-localised ST in the HD SVZ is consistent with previous studies in Alzheimer's disease (Han et al. 2002; Cheng et al. 2013) , where a significant deficiency in ST was reported at clinical presentation. ST levels were reported to be reduced by 50% in Alzheimer's disease patients (a similar magnitude to our data) with ST deficiency preceding other phospholipid aberrations and persisting throughout progression. The authors suggested that ST deficiency results from a specific mechanism directly related to Alzheimer's disease pathology and is not simply a result of neuronal degeneration. The reduced ST levels detected in the HD myelin layer may be because of expedited degradation, dysfunctional biosynthesis or irregular translocation. As we detected concomitantly higher levels of SMs in the HD myelin layer, ST deficiency may result from accelerated degradation via direct loss of sulphate moieties from ST to form GalC, or through the transfer of the galactosyl-sulphate moiety with phosphocholine to generate SM (Han et al. 2002) . Accordingly, examining the expression of enzymes such as GalC sulfotransferase in the HD myelin layer would be of interest. It would also be attractive to measure ST in earlier stages of HD, as this would shed light on the underlying mechanism of ST deficiency. The degradation of myelin in the SVZ is likely to have detrimental proinflammatory consequences within the niche. As seen in models of experimental autoimmune encephalomyelitis, debris from degenerating myelin triggers astrocytic activation and expression of proinflammatory molecules such as TNF-a, IL-1ß and IL-6 by microglia (Sun et al. 2010) .
The detection of increased SMs in the HD myelin layer is significant when considering the potential function of these species in the enhanced proliferation observed in the SVZ of HD patients (Curtis et al. 2003) . SM is a prevalent sphingolipid enriched in the plasma membrane, particularly in microdomains such as lipid rafts, caveolae and clathrincoated pits, implicating a role in transmembrane signalling (Olsen and Faergeman 2017). Ceramide -a metabolite of SM -is a potent sphingolipid metabolite that acts intra-cellularly to regulate cellular processes and is thereby central to the sphingolipid signalling network (Obeid et al. 1993) . Additionally, ceramide is a precursor for other sphingolipids that modulate signalling pathways involved in apoptosis, selfrenewal, cell cycle arrest and neural differentiation. We speculate that the higher abundance of SMs in the HD myelin layer may result from ST degradation. Considering the molecular functions of SMs, these lipids may augment stimuli received from the adjacent degenerating caudate to enhance cell proliferation and neurogenesis in the SVZ.
Accumulating evidence suggests that perturbed sphingolipid metabolism and elevated ceramide occur early in many neurodegenerative diseases, including Alzheimer's (Han et al. 2002; Cutler et al. 2004; Filippov et al. 2012) , multiple sclerosis (Vidaurre et al. 2014 ) and Parkinson's disease (Mielke et al. 2013) . Increased peripheral ceramide may be a predictor of cognitive decline and hippocampal volume loss in patients with mild cognitive impairment, as well as exacerbation of microstructure alterations in cognitively normal subjects (Mielke et al. 2010; Gonzalez et al. 2016) . Although elevated ceramide was not observed in our study, an approximately fivefold increase in its phosphorylated form, Cer-1-phosphate, was seen in the HD myelin layer. Ceramide phosphate (CerP) is generated by ceramide kinase and has antagonistic actions to ceramide, promoting mitosis and survival (G omez-Muñoz et al. 2004; Gangoiti et al. 2010) . The proliferative effects of CerP are mediated via the MEK-ERK1/2, PI3K-AKT and JNK pathways. Additionally, CerP stimulates the activity of NF-jB, leading to the up-regulation of cyclin D1 and c-Myc (Wang et al. 1999; Chalfant 2003) . The proliferative action of CerP in macrophages is dependent on the production of reactive oxygen species (Arana et al. 2012) . Indeed, in addition to its mitogenic properties, CerP is a potent inflammatory mediator through stimulation of cytosolic phospholipase A2 and subsequent liberation of arachidonic acid and production of prostaglandin. Notably, CerP is principally generated in cells under stress, and its production stimulates macrophage chemotaxis. The higher levels of CerP in the HD SVZ may be because of the hostile parenchyma of the CN and potentially the breakdown of SVZ myelin, where increased levels of Ca 2+ stimulate ceramide kinase activity and subsequently enhance ceramide phosphorylation. The mitogenic, pro-survival and migratory effects of CerP would be protective for SVZ myelin and promote neurogenesis in the adjacent astrocytic ribbon, generating nascent neurons to compensate for the atrophy in the CN. However, under conditions of chronic degeneration, it is likely that the parallel proinflammatory properties of CerP counteract its pro-neurogenic effects, thus undermining the efficiency of repair.
Our study also revealed a loss of PI within the ependymal layer of the HD SVZ. Ependymal cells possess motile cilia, which generate a directional flow of chemotactic molecules in the CSF that direct the migration of neuroblasts to the olfactory bulb. Primary cilia of parental NSCs establish planar polarisation in progenitor ependymal cells, which, in turn, is central in establishing the orientation of motile ciliary beating and CSF propulsion in the mature ependyma. Despite their distinct functions, both primary and motile cilia share commonalities in their biogenesis, where the trafficking and localisation of pericentriolar material that serves as an anchor for microtubules are essential (Dammermann and Merdes 2002) . In the neurologically normal SVZ, the ependymal layer is abundant in PIs (Hunter et al. 2018) . PIs play a pivotal role in establishing and maintaining epithelial polarity, where PI(4,5)P 2 establishes the apical and PI (3,4,5)P 3 identifies the basolateral surface (Gassama-Diagne et al. 2006) . The local ratio of PIs is so critical in epithelial polarity that ectopic expression of PI(3,4,5)P 3 in the apical domain results in a rapid apical-to-basolateral transversion (Martin-Belmonte et al. 2007; Martin-Belmonte and Mostov 2008) . PIs also have a role both in primary and motile ciliogenesis (Vieira et al. 2006; Wei et al. 2008) . PIs and their metabolites are implicated in several steps during ciliary morphogenesis, coordinately regulating microtubule and membrane organisation. Altered levels of PIs cause defects in flagellar formation and elongation, microtubule and basal body organisation, axoneme outgrowth and architecture and basal body docking (Wei et al. 2008) . This is significant since a hypermorphic ciliogenic phenotype, characterised as extended and misorientated cilia of the ependyma of the lateral ventricles, has been observed in HD patients and mouse models (Keryer et al. 2011; Li and Li 2012) . HTT regulates ciliogenesis by forming complexes with huntingtinassociate protein 1 (HAP1) and pericentriolar material 1 protein, whereas mHTT precipitates aberrant accumulation of pericentriolar material 1 protein at the centrosome, resulting in misorientated, hypermorphic ciliogenesis. Furthermore, HTT has two known binding domains, which interact with phospholipids, with a particular affinity for PIs. Notably, mHTT gains an increased association with certain phosphorylated PIs (Kegel et al. 2009 ). As such, dyshomeostasis of PIs may potentially occur because of the aberrant interaction of mHTT with these phospholipids, leading to morphology changes in ependymal cells, particularly in their ciliary formation and function. Our findings are in keeping with ependymal morphology changes observed in a recent study that investigated the impact of targeted encephalomyelitis, a model pathology for multiple sclerosis, on the spatiotemporal dynamics of the SVZ (Pourabdolhossein et al. 2017) . Induced inflammation and demyelination of the corpus callosum (the white matter superior to the CN parenchyma that serves as the layer IV subependyma) resulted in ependymal B1 cell activation, enhanced SVZ proliferation and ependymal changes such as cilia enlargement, cytoskeletal extension, disruption of the planar polarity and disorientation of motile cilia (Pourabdolhossein et al. 2017) . Inflammation in plasma and within the CNS including the striatum and the CSF, although chronic, appears to exist in HD patients (Singhrao et al. 1999; Khoshnan et al. 2004; Dalrymple et al. 2007; Bj€ orkqvist et al. 2008; Silvestroni et al. 2009; Tr€ ager et al. 2014; Vinther-Jensen et al. 2014) . As early as 16 years before the manifestation of symptoms, levels of IL-6 are increased in mHTT carriers (Bj€ orkqvist et al. 2008) . The HD SVZ is likely to be exposed to inflammatory stimuli because of its interface with the CSF and dense vascularity in the myelin layer, in addition to its proximity to the inflammatory degenerating striatum. It is, therefore, unsurprising that the inflammatory effects described in targeted encephalomyelitis are analogous to our observations in HD, with further complexities arising from the aberrant functions and interactions of mHTT, which may be implicated in lower levels of PIs and thus abnormal ciliogenesis. The dysfunctional beating of ependymal cilia that has been observed in HD and mouse models of multiple sclerosis leads to defects in neuroblast migration along the rostral migratory stream, a possible explanation for the olfactory abnormalities experienced in these diseases (Lazic et al. 2007; Tepav cevi c et al. 2011) .
The increased neurogenesis in HD previously reported by Curtis et al. is likely to be driven by the degenerating parenchyma of the CN. Our findings suggest that degradation of the myelin layer is likely to create a shift in sphingolipid metabolism that consequently promotes neurogenesis. However, this lipid profile alteration is concomitant with stimulation of chronic inflammation, which when protracted has inhibitory effects on reparative neurogenesis. Additionally, ependymal dysfunction is likely to be driven by lower levels of key PI molecules, further disrupting the physiological regulation of NSCs by ependymal cells. Subsequent studies examining targets identified here, such as the role of CerP in cultured NSCs, will assist in elucidating the pathological consequences of lipidomic aberrations in the HD SVZ.
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